Abstract: Group II intron self-splicing is essential for correct expression of organellar genes in plants, fungi, and yeast, as well as of bacterial genes. Self-excision of these autocatalytic introns from the primary RNA transcript is achieved in a two-step mechanism apparently analogous to the one of the eukaryotic spliceosome. The 2'-OH of a conserved adenosine (the branch point) located within domain 6 (D6) acts as the nucleophile in the first step of splicing. Despite the biological importance of group II introns, little is known about their structural organization and usage of metal ions in catalysis. Here we report the first solution structure of a catalytically active D6 construct encompassing the branch point and the neighboring helical regions from the mitochondrial yeast intron ai5. The branch adenosine is the single unpaired nucleotide, and, in contrast to the spliceosomal branch site, resides within the helix being partially stacked between the two flanking GU wobble pairs. We identified a novel prominent Mg2+ binding site in the major groove of the branch site. Importantly, Mg2+ addition does not impair stacking of the branch-adenosine, but in contrast rather strengthens the interaction with the flanking uridines, as shown by NMR-and fluorescence studies. This means, that domain 6 presents the branch adenosine in a stacked fashion to the core of group II introns upon folding to the active conformation. 
(footnote to first page) [**] Abbreviations and definitions: ai5γ, yeast mitochondrial group II selfsplicing intron in the cytochrome c oxidase subunit 1 (Sc.cox1/5 intron); CMCT, 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate; COSY, correlated spectroscopy; D56, domains 5 and 6; D6, domain 6; EDTA, ethylenediamine-N,N,N',N'-tetraacetic acid disodium salt; HSQC, heteronuclear single quantum coherence; LINE elements, long interspersed elements; NMR, nuclear magnetic resonance; NOE, nuclear overhauser effect; NOESY, nuclear overhauser effect spectroscopy; NTP, nucleoside 5'-triphosphate; ppm, parts per million; r.m.s.d., root-meansquare deviation; snRNA, small nuclear ribonucleic acid; TOCSY, total correlation spectroscopy; wt, wild type.
Introduction
Group II introns are self-splicing ribozymes found in organellar genes in plants, fungi, and yeast, as well as in bacterial genomes. [1] Some group II introns also encode for a maturase protein, enabling these RNAs to act as mobile genetic elements. [1] Although their direct occurrence is nowadays confined to a limited range of organisms, these catalytic RNAs may have played an important role in evolution. Taking into account related nuclear introns and transposable LINE elements, as much as one third of the human DNA may have evolved from ancestral group II introns. [2] In addition, based on reaction pathway and sequence similarity, a common ancestry with the eukaryotic spliceosomal machinery has been proposed. [1] The spliceosome is a multicomponent RNA-protein complex that occurs in higher eukaryotes and consists of five highly structured snRNAs (U1, U2, U4, U5 and U6) and numerous proteins, the latter ones presumably having structural roles. [3, 4] Here, splicing occurs through the assembly of the snRNAs at pre-mRNA splice sites thereby exhibiting a mechanism that is very similar to the one found for group II introns. It is surprising that despite the evident biological importance of group II introns, only little is known about their structural organization [5] [6] [7] and the involvement of metal ions in catalysis. [8] Group II introns share a common secondary structure of six domains. The catalytic core is constituted of nucleotides from domains 1, 5, 6, the linker region between domains 2 and 3 as well as the splice site itself. [7] In parallel to the spliceosome, the 2'-OH of a conserved adenosine, which in group II introns is located within domain 6, serves as the attacking nucleophile in the first step of splicing. This leads to the formation of a 2',5'-phosphodiester linkage and the subsequent excision of the intron in form of a lariat, analogous to the spliceosome. Obviously the positioning of the 2'-OH of the branch-point A is of paramount importance for correlating structure and function in both systems. However, the base pairing pattern and geometrical conformation of the branch adenosine in group II intron splicing has been a matter of debate.
Secondary structure alignments and phylogenetic comparisons predict the branch A to form a single-nucleotide bulge, as it is also the case in the spliceosome. [9, 10] Instead, the recent crystal structure of a D56 construct shows a shifted base pairing pattern and a two-nucleotide bulge. [5] To clarify the base pairing geometry in D6 and view the structural features of the branch A we have now solved the solution structure of this region by NMR.
It is indisputable that metal ions are always interwoven with RNA structure and function. [11] [12] [13] All group II introns that have been investigated to date require divalent metal ions for folding and catalysis. [8, 14, 15] Hydrolytic cleavage- [16] and sulfur-substitution experiments, [17] as well as investigations by NMR [6] and X-ray [5] confirmed metal ion binding to domain 5 and other parts of the catalytic core. Concerning the branch domain 6, metal ion binding to the minor groove of the branch region was detected by Tb 3+ cleavage experiments. [16] In addition, the crystal structure of a permuted D56 construct shows a cobalt(III)hexammine binding site near the two-nucleotide bulge. [5] However, Co(NH 3 ) 6 3+ fails to correctly substitute for Mg 2+ as its inert NH 3 ligands cannot dissociate from the metal center, which is in contrast to the aqua ligands of a Mg 2+ ion. Indeed, such inner-sphere binding to nucleotides occurs quite commonly at the oxygen and nitrogen donor atoms of guanines and uracils, as well as at phosphate oxygens. [18] Nevertheless, to take part in the catalytic process, a metal ion does not need to be coordinated directly to the acting atoms, but can exert its influence also from a certain distance. [13] 
Results

NMR spectra of a minimal branch domain 6.
Wild type D6 consists of a hairpin structure with two helical stems flanking the branch adenosine. In some group II introns, like ai5γ from the yeast mitochondrial cox1 gene, an internal loop structure is located within stem 2. Initial NMR spectra analyses of the full length D6 from ai5γ show that the six-nucleotide internal loop does not adopt a rigid structure under any conditions investigated. Thus, we studied a truncated construct (D6-27) from the wild-type (wt) sequence of D6 of the yeast group II intron ai5γ ( Figure 1A and B). As the internal loop is neither phylogenetically conserved, nor contains important branch point determinants, [9] we removed nucleotides A859-U864 and G871-A876. D6-27 still encompasses the branch adenosine together with a minimum of three neighboring base pairs on either side, and thus metal ion binding at the branch site will not be affected by this mutation. To check the compatibility of our D6-27 sequence with group II intron reactivity, we performed transbranching assays as described before. [10] Incorporation of our shortened D6 sequence into the standard two-domain construct D56 leads to an only slightly reduced activity as compared to the wt D56 sequence (Figure 2 ). Under the conditions applied (see Material and Methods), k obs values of 19.1 ± 0.1 min -1 (wtD56) and 13.9 ± 0.1 min -1 (D56-27) were obtained, and about 20% branched product is formed in both cases (it should be noted that reverse-branching is taking place simultaneously). The observed activity might seem surprising at first sight, as the removal of the internal loop in stem 2 should prevent tight docking of the tetraloop into its receptor in domain 2 (η-η' interaction). However, the only slightly reduced activity is well in line with recent studies [10] showing that the main determinant for proper branching is its covalent linkage to D5.
In accord with the observation that the shortened D6-27 is still active in vitro, the NOESY spectra of both the wt and the D6-27 constructs show identical peak patterns around the branch region (Supporting Information Figure S1 ) and reveal that only one conformation is present in solution. Two starting points for the sequential walk at the 5'-end were found. In accord with previous findings at nucleotides, [19] the G1H1' resonance at 5.923 ppm is attributed to the 5'-end with a triphosphate and the one upfield at 5.853 ppm with a monophosphate attached (a mixture of 5'-GMP and 5'-GTP was used [20] for transcription). These two starting points fall together at nucleotide A3. is nor properly formed and therefore imino-proton exchange with the solvent is not retarded.
However, NOEs of the base protons of G7 and U21 to nucleobases above and below indicate stacking interactions in both strands.
The NOE peak pattern of the branch A20 is of special interest: The aromatic H8 shows intranucleotide NOE resonances to all sugar protons as expected for a usual anti conformation of the base. A NOE peak of A20H2 to the G8H1' on the opposite strand clearly places the branch adenosine within the helix (Figure 3 ). However, this H2 resonance at 7.62 ppm is more downfield shifted than the H2 located in an AU base pair but still more upfield than the tetraloop AH2s. The same holds for all proton-chemical shifts of A20. Such a chemical shift pattern
indicates clearly that A20 is neither fully buried within the helix nor flipped out.
The structure of D6-27.
The structure determination of D6-27 is based on 589 conformationally restrictive NOE distance restraints (Table 1 ) (for details see Materials and Methods). The RNA adopts a stable hairpin with two well-defined helical regions flanking the branch A20 ( Figure 1C ). The overall r.m.s.d.
of all heavy atoms from the 20 lowest energy structures is 1.18 ± 0.37 Å (Supporting Information Figure S2 ). Despite such a small r.m.s.d. a small deviation in the kink between the two helices is observed with the branch region being the hinge (Supporting Information Figure   S2B and S2C, as well as r.m.s.d. values in Table 1 ).
The positioning of the branch A20 is of special interest. In solution, only A20 is unpaired but embedded within the helix between the two flanking GU wobble pairs ( Figure 1C ). The G8-U19 wobble right upstream of A20 is very well defined and stacks onto helix 2. In contrast, the G7-U21 wobble downstream of the branch site is staggered, but still well embedded within the helix ( Figure 1C and Supporting Information Figure 2 ). G7 is pushed down towards G6 and out of the GU plane by the intruding A20, which itself stacks onto U21. As a consequence, both imino protons of G7 and U21 are no longer involved in stable base pairing, thus explaining the absence of sharp NMR signals for both. A20 itself is slightly edged out of the helix with its minor groove side including the branch 2'-OH increasingly solvent-exposed. This leads to a slight kink in the helix and a well accessible minor groove for possible tertiary contacts.
Localization of Metal Ion Binding Sites in D6-27 by Mg 2+ Titration Studies.
Divalent metal ions are crucial for folding and catalysis of group II introns. [8] Indeed, several metal ions have been identified within the catalytic core. [5, 6, [15] [16] [17] Metal ion binding in the branch region of D6 has first been identified by hydrolytic cleavage experiments. [16] In addition, a Co(NH 3 ) 6 3+ molecule coordinated to O4 of U19 was found in the crystal structure of a D56
construct that shows a two-nucleotide branch site. [5] To obtain better information on the atomic level on the Mg 2+ binding at the branch A, we now used NMR titration studies to determine the effect of Mg 2+ on the structure of the branch site and other regions in D6. Changes in chemical shifts of imino protons are commonly recorded for this purpose. However, such data is often difficult to interpret, [6] as imino protons are located far away from the metal ion coordination site and their chemical shift is additionally dependent on the local structure and the exchange rate with the solvent. Even more important, adenine and cytosine moieties cannot be observed and metal ion binding to bulge regions can often not be followed, as these imino protons become broadened beyond detection. [6] By Figure S3 ). The calculated electrostatic surface potential map further supports this interpretation showing a highly negatively charged area in the major groove ( Figure 1D and Supporting Information Figure 2 ).
The major groove of GU wobble pairs is a well known metal ion binding site [23] [24] [25] and thus the here presented data means that an intercalated adenosine does not disrupt this coordination ability.
The strongest line broadening effects were observed at the 5'-end for G1, G1a, G2 and even A3. In addition, also the aromatic protons as well as H1' of C27 at the 3'-helix end experience changes in chemical shifts. This observation corresponds well to the presence of the 5'-terminal phosphate group(s), being the strongest binding site due to their multiple negative charge. The interresidual crosspeak between A3 H1' and G4 H8 shows no effect but G4 H1'-H8
broadens above average at around 8 mM Mg . Metal ion binding to GNRA tetraloops is known, [6, 21, 26, 27] however, the nucleotides around the tetraloop, of which the resonances are affected one and/or the other way, span a range of 13-14 Å being to large to be covered by one specifically bound metal ion. As proposed by fluorescence studies [28] of a tetraloop structure, it is well feasible that two Mg 2+ ions bind in close proximity at this site, even though one could also picture one Mg 2+ ion "rolling" over the whole tetraloop region. Indeed, it has been shown before that nucleic acids can accommodate two metal ions in surprisingly close neighborhood to each other, [29, 30] and that their binding affinity is hardly affected. [30] Taken together, the accumulated data from out Mg with similar affinities (a detailed evaluation of the affinity constants within D6-27 will be published elsewhere).
Does the Branch Site Changes its Structure upon Mg 2+ Binding?
It is important to understand how the binding of divalent metal ions affects the geometry of local RNA structures. A recent study reported the branch adenosine to change its positioning between the two adjacent GU wobble pairs upon addition of Mg 2+ . [31] We confirmed these findings by titrating a D6-27 construct, where the branch-adenosine was replaced by a 2-aminopurine with Mg 2+ and monitoring the fluorescence emission at 371 nm. In agreement with experiments performed by Schlatterer et al., [31] we detected a quenching of the 2-aminopurine fluorescence, indicative of increased stacking of the branch-A within the D6-27 helix. concentration that is needed for folding and activity of ai5γ in vitro. [14] The fluorescence studies with 2-aminopurine only yield a qualitative picture on the positioning of the branch-adenosine as the amount of fluorescence quenching (or enhancement)
for the fully stacked (or fully flipped out) nucleobase is not directly accessible. Consequently we observed with great care the NOESY pattern of the branch region, i.e. crosspeaks involving U19, A20, U21 and the opposite strand at G7 and G8, upon increasing amounts of Mg 
Discussion
This study is the first report of a NMR solution structure of the D6 branch-site from a group II intron ribozyme, including a detailed investigation of its metal ion binding properties. The construct used in this study lacks the internal loop above the branch site, but trans-branching assays show an almost wild-type like activity. These results corroborate with phylogenetic data [9, 10] that indeed no crucial branch point determinants are present in the omitted nucleotides and that the length of the helix above the branch adenosine is not important for docking to the other domains and branching
The branch site geometry has been a matter of debate and two different conformations of the branch site in group II introns have been suggested in the past: A two-nucleotide bulge with a shifted base pairing pattern 5' of branch A was found in the crystal structure of a coaxially stacked D56 construct. [5] In contrast, phylogenetic and mutational studies favor a single nonpaired branch A with a conserved GU wobble upstream thereof.
[10]
The here described solution structure of D6-27 with a single unpaired branch-adenosine between two A-form helices concurs exactly with the prediction from phylogeny and differs considerably from the crystal structure of a D56 construct. In the crystallized construct domain 6
is not closed by a GUAA tetraloop but has an open helix end, one of whose strands folds back and stacks onto the branch A, thus possibly inducing the shift in base pairing. N3 alkylation with CMCT (1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate) [5] revealed a strong modification of U881 in both wt D56 and the crystallized construct, indicative of an exposed Watson-Crick face of these uridine moieties. While such an increased reactivity of U881 was taken as an indication for a two-nucleotide bulge, it can also be explained by our here presented data: The staggering of the G7-U21 wobble pair leads to an increased solvent exposure of the Watson-Crick face of both nucleobases. This makes U21 (i.e., U881 in the wt sequence) accessible for CMCT modification even in the presence of a single nucleotide bulge. The solvent accessibility is corroborated by severe line broadening of the imino resonances for both nucleobases as observed by NMR. Only the phylogenetically conserved [10, 32] wobble pair 5' of A20 forms a rigid base pair in solution, whereas the G7-U21 is poorer defined.
How does our structure of D6 compare to the situation in the spliceosome? In the light of the eminent mechanistic similarities and the proposed evolutionary relationship, it is tempting to assume structural analogies between group II introns and the spliceosome. However, it is important to note that many differences exist in terms of branch-site recognition and function. [10, 33] For example, in yeast, where the two systems are most closely related, the spliceosomal branch-A is not flanked by GU-wobbles, a feature that is highly conserved in group IIB introns. [10] Instead, a conserved spliceosomal seven nucleotide sequence [34] together with a pseudouridine opposite to the branch adenosine are likely to be responsible for the single bulgedout branch A, [35] which must be unpaired for successful splicing. In the group II intron ai5γ on the other hand, a base paired branch A does not completely abolish branching. [9] In all eukaryotic spliceosome systems investigated to date, a pseudouridine (Ψ) residue opposite of the branchpoint adenosine has been identified. [36, 37] NMR structural analyses have shown that this Ψ is responsible for an extrahelical positioning of the branch adenosine in the isolated branch helix. [35, 38] Although no Ψ has been identified in group II introns to date, the relationship with the spliceosome makes a bulged-out adenosine in context of the whole group II intron also tempting to propose. However, in the light of the many differences between the two systems and the here presented solution structure of an active D6 construct, the occurrence of a helically stacked branch adenosine should be considered more closely. In our structure, a slight kink in the helix around the branch point is introduced by the intruding A together with the optimized stacking of U21 to A20 at the cost of U21-G7 base pairing. This opens the minor groove to make the 2'-OH of the branch-point increasingly accessible for tertiary contacts. These findings are well in line with the observation that A20 X mutations with nucleobases of lesser stacking ability [19, 39] lead to reduced branching. [33] Metal ions are key players in group II intron ribozymes, not only stabilizing the complicated tertiary structure, but also being directly implicated in catalysis. [8, 14, 15] [31] indicate that the internal loop in helix 2 has some influence on the positioning of the branch adenosine. However, this influence is obviously of no big concern for the binding of D6
to the catalytic core as well as to the activity of the ribozyme itself as our activity essays with D6-26 show. To us it seems more important that (i) a Mg 2+ ion is bound to the major groove at the branch site and that (ii) even a minimal domain 6 binds three-to-four additional Mg
2+
. This relatively high number of Mg 2+ ions bound specifically and with similar affinities to such a short hairpin ensures that the branch domain can be dragged more easily into and bound to the negatively charged and closely-packed catalytic core. Hence, D6 represents a second example besides the adjacent domain 5 [6] of a small hairpin serving a metal ion binding platform before being bound to the catalytic center.
The here identified Mg 2+ in the major groove of the branch site is certainly of great interest, being that close to the catalytic site. Based on the here presented data we suggest the following picture: Metal ion binding is restricted to the neighboring GU pairs, and does not include the adenine N7. This would mean that the intercalated adenine base does not disrupt the potential of GU wobbles to bind Mg 2+ ions. The strong downfield shifts of A20s H8 and H2 are therefore due to a structural change at the branch site: M 2+ binding to the carbonyl oxygens pulls the flanking wobble pairs closer together leading to a stronger kink within D6 and a subsequent stronger exposure of A20s 2'-OH. Nevertheless, the NOE pattern of the interstrand NOE of A20
H2 to G8 H1' shows that also at higher Mg 2+ concentration up to a 15 fold excess of Mg 2+ over RNA, the branch A20 remains stacked within the helix. This is in agreement with fluorescence studies performed by us and others [31] which show fluorescence quenching in a D6 construct without its internal loop, where an aminopurine substitutes for the branch-A, upon addition of One should note that despite not being directly coordinated at the A20, the observed Mg 2+ will still have an important impact on catalysis. When coordinated to the carbonyl oxygens of the GU wobble pairs, the bound Mg 2+ is located only about 10 Å from A20s O2'. The metal ion is thus close enough to contribute in an electrostatic manner to the stabilization of the build-up negative charge in the transition state during splicing. Such electrostatic effects from a distance must not be underestimated as detailed experiments with the protein subtilisin show, [40, 41] and should thus be seriously considered also in ribozyme chemistry. [13] Experimental Section Materials: DNA oligonucleotides were purchased from Microsynth, Balgach (Switzerland), and the nucleotide 5'-triphosphates came from GE Healthcare (formerly Amersham Biosciences Europe GmbH), Otelfingen (Switzerland)), except for UTP, which was obtained from SigmaAldrich-Fluka, Buchs (Switzerland). T7 polymerase used for in vitro transcription was homemade. [20, 42] The All chemicals used were at least puriss p.a. and purchased from either Fluka-Sigma-Aldrich, Buchs (Switzerland) or Brunschwig Chemie, Amsterdam (The Netherlands).
Activity assays: wtD56 and D56-27 were transcribed by T7 polymerase from linearized plasmids pT7-56 [43] and pME1c. pME1c was obtained by cloning the D56-27 construct including a T7 promotor at the 5'-end by assembly-PCR and insertion into a standard cloning vector at HindIII and EcoRV restriction sites. wtD56 and D56-27 were both labeled with 32 P at the 5'-end.
Trans-branching assays were conducted as previously described, [10] except that pH 7.2 (instead of pH 7.5) and NH 4 Cl (instead of (NH 4 ) 2 SO 4 ) was used. Concentrations used were 5 nM (D56) and 2 µM (exD123). The k obs values were calculated based on a pseudo-first order reaction kinetic. [44] NMR sample preparation: D6-27 (5'-GGAGCGGGGGUGUAAACCUAUCGCUCC) and D6
(5'-GGAGGGGGAAAACUUGUAAAGGUCUACCUAUCUCC), i.e. the wt sequence with the 5'-CC replaced by GGA and its complement at the 3'-end to increase transcription yields) were synthesized by in vitro transcription with T7 polymerase from a double stranded DNA template. [20] All RNA was purified by denaturing 18% PAGE, UV-shadowed, excised from the gel and recovered by electroelution. After desalting and lyophilization, the sample was dissolved in 220 µL D 2 O (100 mM KCl, 10 µM EDTA, pD 6.7). To measure the pD value, 0.4 log units were added to the pH meter reading. [45, 46] The RNA concentration was determined with a Varian
Cary 500 Scan UV-VIS-NIR spectrophotometer, using an extinction coefficient at 260 nm (ε 260 ) of 296. 31 P NMR spectra, the torsion angles α and ζ (except for A15, which was left unconstrained, as well as A14 and C27, where only α was constrained) were set to exclude the trans-range. [49] Sugar pucker restraints were included based on TOCSY experiments with a 45 ms mixing time. [6] G1 showed strong H1'-H2' and H1'-H3' crosspeaks and was restrained to S-type (δ = 145 ± 20º). G12, U13, A14, A15, U19, A20 and C27 were left unconstrained. All other nucleotides showed no H1'-H2' crosspeak and were therefore constrained to N-type (δ = 85 ± 20º). The other backbone torsion angles (β, γ, ε) were set to standard A-form values only in the helical regions of the structure known to be A-form (G2-U11, A16-C18, U21-C26). Based on the H1'-aromatic
NOEs from the 50 ms [ 1 H, 1 H]-NOESY, the torsion angle χ was restrained to -160 ± 20º (anti)
for all residues except A20, which was left unconstrained. Additional H-bond restraints were added for base pairs whose existence was proven by 1 H, 1 H crosspeaks across the helix in the imino region and by HN-crosscorrelations from the 2D J NN HNN-COSY. [47] The structure calculations were performed using XPLOR-NIH. [50] The twenty structures with the lowest XPLOR energies out of 200 calculated were analyzed using MOLMOL. [51] The electrostatic surface potentials of D6-27 was calculated using QNIFFT [52] and visualized with PYMOL (W. are the same as previously described, [10] except that NH 4 Cl instead of (NH 4 ) 2 SO 4 , and pH 7.2 were used. (B) Secondary structures of wtD56 (left) and D56-27 (mutated) with a shortened D6 sequence according to the D6-27 sequence (right). Below, the reduction of the precursor band and the appearance of the product band of 32 P-labeled D56 constructs attached to D123 over time for the wtD56 (columns 1-8) and D56-27 (column 9-16) constructs are shown (5%/18% stacking gel). Time points are given in minutes. Clearly, the shortened D56-27 shows activity, which is only slightly reduced. 
